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Abstract 
Cholinergic stimulation of receptors in the oxyntic mucosa results in secretion of mucus, pepsinogen and hydrochloric acid. There has 
been speculation as to the cellular localization of these receptors in the mucosa nd as to which subtype is present in the different cell 
types. In the present study, utilizing radioactive riboprobes for the M1 muscarinic receptor subtype, we carried out in situ hybridization to 
determine which cells of the gastric corpus transcribe mRNA for this receptor. The antisense M1 probe hybridized strongly on the 
zymogen cells and, to a lesser extent, on the surface mucous cells and the muscle layers. Control sections from brain also displayed 
specific hybridization. 
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1. Introduction 
Muscarinic cholinergic receptors are widely distributed 
in the body and are especially well represented in the 
central nervous ystem and the gastro-intestinal tract [ 1,2]. 
These receptors are able to activate or inhibit cell re- 
sponses, depending on the nature of the subtype. 
Five types of muscarinic receptor subtypes have been 
cloned and expressed, named M1 through M5 [2]. M1, M3 
and M5 are thought o exert their effects by activation of 
calcium signaling, whereas the M2 and M4 subtypes ap- 
pear to downregulate cAMP generation and to open plasma 
membrane potassium channels [3]. The M1 receptor is 
composed of 460 amino acids. 
Pharmacologically, various antagonists are used to dif- 
ferentiate between the M1, M2 and M3 subtypes. Thus, 
pirenzipine and telenzipine are relatively selective for the 
M1 receptor subtype, AFDX 116 for the M2 subtype, 
4-DAMP equally selective for M1 and M3 subtypes, 
whereas hexahydrophenidol is relatively selective for the 
M3 subtype [2,4]. These antagonists are not absolutely 
selective: they usually differ by about one order of magni- 
tude in their ability to discriminate between the different 
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receptor subtypes. Atropine is a potent, but non-selective, 
muscarinic receptor antagonist [4]. 
Cholinergic stimulation of the gastric mucosa results in 
increased mucus, acid and pepsinogen secretion, as well as 
increased histamine release from the ECL cells. Atropine, 
pirenzipine and telenzipine inhibit these responses, show- 
ing that they are muscarinic in origin [5]. 
Attempts have been made to identify the receptor sub- 
types present on the different ypes of cells in the gastric 
mucosa. Measurement of the acid secretory response and 
the intracellular calcium signals appeared to demonstrate 
that the parietal cells have an M3 receptor subtype [6,7]. 
Binding displacement s udies have also identified the pari- 
etal cell muscarinic receptor as being of the M3 subtype, 
and the results have been confirmed by investigations 
involving binding and reverse transcriptase-polymerase 
chain reaction (RT-PCR) [8]. In contrast, because of a high 
affinity to pirenzipine, the zymogen cells are believed to 
have an M1 receptor [9]. Results from autoradiographic 
3 - • • 3H_ methods for the localization of H-p~renztplne and 
quinuclidinyl benzilate [10,11] were not conclusive. 
The nature of the muscarinic receptors on the mucous 
and endocrine cells has not been established. RT-PCR 
studies on gastric glands, which are chiefly a mixture of 
mucous, parietal and zymogen cells, were interpreted to 
indicate the presence of mainly the M3 receptor, but a 
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weak reaction was observed with primers selective for the 
M1 receptor. This reaction disappeared in purified parietal 
cell fractions [8]. 
In the absence of specific antibodies against he various 
subtypes of muscarinic receptors, in situ hybridization 
appears as the method of choice for their histological 
localization. This method has previously been utilized to 
localize muscarinic receptors in the central nervous ystem 
[1]. 
In the present study, we used radioactive riboprobes 
selective for M 1 receptor to define their localization in the 
oxyntic part of the gastric: mucosa. Our results demon- 
strated transcription of mRNA for the M1 receptor in 
zymogen cells, surface mucous cells and muscle cells. 
Preliminary data from this study have been presented 
previously [12]. 
2. Materials and methods 
2.1. Plasmid construction 
An EcoRI-HindlII restriction fragment containing nu- 
cleotides 815-1190 of the rat M1 acetylcholine receptor 
cDNA was excised from a pSP64 plasmid (a gift from Dr. 
T. Bonner, NIH, Bethesda, MD, USA) and cloned into a 
Bluescript plasmid (Stratagene, La Jolla, CA, USA). Tran- 
scription from the T3 promoter yields a sense probe, 
whereas antisense probe is obtained using the T7 promoter. 
The M I cDNA fragment used as probe corresponds to 
the third intracellular loop in the protein. This is the most 
diverse region in this conserved receptor family, and the 
potential for cross hybridization between subtypes i  there- 
fore minimal. 
2.2. Transcription 
The plasmids containing the M1 muscarinic receptor 
cDNA were linearized by restriction enzyme digestion, 
purifed by phenol extraction and ethanol precipitation and 
subsequently used as templates in transcription reactions. 
A typical 20 /zl reaction producing a tritiated probe con- 
tained 1 /xg template, 10 U RNasin, 10 mM DTT, 0.5 mM 
each of ATP, CTP, GTP, '.31 /xM [3H]UTP (40 Ci/mmol) 
and 10 U RNA polymerase (T7 or T3) in a transcription 
buffer supplied by the manufacturer (Promega, Madison, 
WI, USA). 35S labeled probes were synthesized accord- 
ingly, except hat the 3H-UTP was exchanged for 30 /zM 
UTP and 3 /xM 35S-UTP (1000 Ci/mmol). Following 
incubation at 37°C for 1.5 h, the template was removed 
with DNase I. Unincorporated nucleotides were partially 
removed by two consecutive ethanol precipitations in the 
presence of 2.5 M ammonium acetate. Both sense and 
antisense probes were added to a specific activity of 
(10-20) X 10 3 cpm//zl hybridization mixture (3H probes) 
or (3-5) X l04 cpm//zl hybridization mixtures (355 
probes). 
2.3. Tissue preparation 
Tissue specimens from the rat gastric corpus and brain 
(as a positive control) were fixed in buffered formaldehyde 
and embedded in paraffin. Five-micron sections were de- 
paraffinized with xylene and rinsed in ethanol. The sec- 
tions were then brought to water through a series of 
decreasing concentrations of ethanol and treated with 0.3% 
Triton X-100 in phosphate buffered saline (PBS) for 15 
min at RT. Following rinsing in PBS, the slides were 
placed in a proteinase K (Sigma, St. Louis, MO, USA) 
solution (10 /zg/ml) in 100 mM Tris HC1 with 50 mM 
EDTA, pH 8.0 at 37°C for 10 rain. This enzyme digestion 
was stopped by immersing the slides for 5 min in 0.1 M 
glycine in PBS at RT. The sections were then post-fixed in 
4% formaldehyde (prepared fresh from paraformaldehyde) 
in PBS for 3 min at RT. Following a rinse in PBS, the 
tissue sections were put into 0.25% acetic anhydride in 0.1 
M triethanolamine that was stirred briskly for 10 min at 
RT. After another inse in distilled water and drying, the 
prehybridization mixture was applied to the sections. 
The prehybridization mixture consisted of 5 ml for- 
mamide, 2.5 ml 20 X SSC, 1 g dextran sulfate, 400 /zl 
50 X Denhardt's, 500 #1 10% SDS, 250 /xl 40 mM DTT, 
100 /zl denatured salmon sperm DNA (10 mg/ml) and 
1.25 ml distilled water. The tissue sections were exposed 
to about 100 /xl of this solution for 2 h at 37°C. Most of 
the solution was then poured off the glass slides and the 
hybridization mixture was added. This mixture consisted 
of prehybridization solution and added denatured probe. 
Hybridization then took place ovemight in a moist cham- 
ber at 52°C with the sections covered by slips of Parafilm ®. 
The posthybridization washings started with the re- 
moval of the Parafilm ® slips in 4 X SSC containing 50 
mM /3-mercaptoethanol and 10 mM Na-thiosulfate at RT. 
Non-hybridized RNA was then removed by incubating 
with pancreatic RNAse 50 /zg/ml (Sigma) in a 10 mM 
Tris buffer at pH 8.0 containing 0.5 M NaC1, 1 mM EDTA 
and 10 mM Na-thiosulfate for 30 min at 37°C. After 
washing in the same buffer for 30 rain at RT while rotating 
slowly, the sections were rinsed in 2 X SSC with 10 mM 
Na-thiosulfate for 2 h at RT, followed by 0.1 X SSC with 
10 mM Na-thiosulfate for 30 rain at 55°C or 62°C. 
The sections were rinsed, dehydrated through graded 
ethanol, air dried and then dipped in photographic emul- 
sion for autoradiography (K2 nuclear emulsion, Ilford Ltd, 
Mobberley, UK; diluted with equal volume of distilled 
water). Following exposure for one or several weeks (35S 
probes) or 2-4 months (3H probes), the autoradiographs 
were developed and the tissue sections tained with hema- 
toxylin-eosin. Microscopic examination was carried out 
both in light field and dark field illumination. 
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3. Results 
3.1. Gastr ic corpus 
Using the antisense probe, hybridization was most 
marked in the bottom part of the oxyntic glands, where the 
zymogen cells are the dominating cell type (Figs. 1 and 2). 
As a rule, most of the silver grains were observed over the 
Fig. 2. Light-field micrograph of basal portion of oxyntic mucosa. Most 
of the cells in this region of the glands are zymogen cells (Z) which show 
strong, specific hybridization to the M1 antisense probe. The parietal cells 
(P), identified by their eosinophilia and parietal position in the glands, do 
not display any specific probe binding. X 1800. 
cytoplasm and only relatively few over the nucleus. A 
much weaker hybridization was observed on the surface 
mucous cells. No specific probe binding was seen in 
parietal cells, the mucous neck cells, or the lamina propria. 
Endocrine cells were not identified. The muscularis propria 
and the muscularis mucosae displayed a low degree of 
specific antisense probe binding. 
3.2. Brain 
Fig. I. Dark-field micrographs from sections of gastric orpus hybridized 
with MI probes: (A) antisense; (B) sense. Antisense probe binding is 
marked in the bottom of the glands and weak in the epithelium of the 
surface and crypts and in the muscle layers. X 100. 
Antisense probe for the M1 receptor hybridized strongly 
in the pyramidal cells, and it was more marked in the 
piriform cortex than in the parietal cortex. There was 
marked hybridization also in the dentate gyrus, the medial 
habenular nucleus, the arcuate nucleus, the choroid plexus, 
and, to a lesser extent, in the ependymal cells. There was 
less binding in the corpus callosum than in the cortex 
(Figs. 3 and 4). The results are consistent with previously 
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pathophysiology, the receptors responsible for stimulation 
of acid secretion by the parietal cells are of particular 
interest because of their potential clinical usefulness. Cur- 
rently, only a single anticholinergic drug is available for 
control of acid secretion: the M1 antagonist, pirenzipine, 
Yet, a comparison between the effects of pirenzipine, 
AFDX 116 and 4DAMP, as well as hexahydrophenidol, led 
to the conclusion that the muscarinic receptor esponsible 
for stimulation of acid secretion was the M3 subtype [6,7]. 
Fig. 3. Dark-field micrographs showing frontal sections from the brain 
hybridized with MI probes: (A) antisense; (B) sense. Specific hybridiza- 
tion is visible in hippocampus, the parietal and piriform cortex, the 
choroid plexus and the arcuate and medial habenulate nuclei. X 12. 
published data [13]. Several of these regions display high 
activities of acetylcholinesterase [14]. 
4. Discussion 
The response of the oxyntic mucosa to muscarinic 
stimulation involves most of the cell types. In gastric 
Fig. 4. Dark-field micrographs showing specific hybridization of M1 
antisense probe to (A) pyramidal cells of the parietal cortex; (B) the 
choroid plexus, x 200. 
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This was also confirmed by displacement of N-methyl 
scopolamine by acetylcholine. In the course of this work, it 
was noted that there were two apparent affinities for 
acetylcholine, but only one for the antagonist, and this was 
interpreted as being due to two affinity states of a single 
M3 receptor subtype [8]. PCR amplification of parietal cell 
mRNA also showed only a single band corresponding to 
the M3 receptor and none corresponding to the M1, M2, 
M4 or M5 receptors. From such data, the role of the M3 
receptor on the parietal cell seems clear. It is difficult to 
explain the efficacy of an M1 antagonist as an inhibitor of 
acid secretion without invoking an alternative regulatory 
cell, such as an endocrine cell, containing the M1 receptor. 
We failed to obtain any hybridization with the M1 
receptor probe in the parietal cells, but it should be empha- 
sized that this does not rule out the presence of such 
receptors in the parietal cells. The lack of hybridization 
merely reflects that the mRNA concentration is below the 
level of detection. 
It is known that vagal stimulation of acid secretion is 
accompanied by stimulation of mucus secretion from the 
surface cells, and in the Necturus gastric mucosa, choliner- 
gic stimulation results in altered electrical properties of the 
surface cells [15]. Our present results indicate that proba- 
bly M1 receptors could mediate this response. 
In vivo data obtained with the M1 antagonist pirenzip- 
ine have lead to the conclusion that pepsinogen secretion 
might be stimulated by an M1 receptor [5]. Further, piren- 
zipine binding to zymogen cells was detected histologi- 
cally, although it was seen also in parietal cells [10], 
suggesting that this experimental pproach was not able to 
define a specific M 1 receptor. RT-PCR previously carded 
out on mRNA from isolated rabbit gastric glands also 
failed to provide evidence for an M1 receptor, but these 
experiments were carried out with primers from human 
cDNA sequences against rabbit cDNA [8]. The conditions 
for detection of a specific reaction could therefore have 
been suboptimal. Stimulation of pepsinogen secretion de- 
pends on activation of the calcium signaling cascade and 
hence could not be due to an M2 or M4 receptor, as was 
once suggested [9]. 
The in situ hybridization data show clearly that the 
zymogen cells contain mRNA for the MI receptor. The in 
vivo data cited above might indicate that the M1 receptor 
may play a significant role in stimulating pepsinogen 
secretion, whereas the M1 receptor may play no, or an 
insignificant, direct role in gastric acid secretion. 
In conclusion, therefore, mRNA for the muscarinic M 1 
receptor is transcribed by the zymogen and surface mucous 
cells of the oxyntic mucosa. No transcription could be 
detected in the parietal cells. 
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